Introduction {#S1}
============

Chemokine receptors comprise a subfamily of the G protein-coupled receptor (GPCR) superfamily of transmembrane receptors that are expressed on a number of leukocyte subsets and function predominantly to regulate chemotaxis^[@R1]--[@R5]^. Upon binding their cognate chemokine agonists, chemokine receptors transduce signals by inducing dissociation of their associated, intracellular G~i~ protein heterotrimers (G~i~α·GDP/Gβγ). This process is highly regulated through additional intracellular proteins that act upon the G~i~α subunit and ultimately affect the rate of signal inactivation^[@R4],[@R6],[@R7]^. In particular, proteins containing one or more conserved GoLoco motifs are capable of sequestering inactivated G~i~α·GDP, preventing its reassociation with Gβγ and GPCRs and thereby disrupting continued G~i~α-induced signaling without quenching Gβγ-mediated signaling^[@R6]--[@R10]^. The importance of Gβγ-associated signaling to chemokine actions has recently been highlighted by reports that specific Gβγ-activating compounds are sufficient to induce neutrophil chemotaxis^[@R11]^ and, conversely, a Gβγ antagonist can inhibit fMLP-induced chemotaxis^[@R12]^. GoLoco proteins may directly regulate signaling pathways required for chemotaxis by sequestering G~i~α·GDP and prolonging Gβγ-mediated signaling processes^[@R13],[@R14]^, thereby exacerbating inflammation.

G protein signaling modulator 3 (GPSM3) contains two functional GoLoco motifs and is restricted in its expression to leukocytes and myeloid-derived cells^[@R15],[@R16]^. *Gpsm3*-deficient mice exhibit a profoundly blunted course of joint damage in an acute, collagen antibody-induced model of inflammatory arthritis^[@R16]^. Histologic analyses of affected synovial tissues indicate a relative acellularity of synovial cavities in *Gpsm3*-deficient mice compared to wild type mice, which suggests a potential leukocyte migration deficit. These findings suggest a role for GPSM3 in the development of inflammation in rheumatoid arthritis, most likely through a key regulatory role on leukocyte chemotaxis to the synovium^[@R17]^. However, a direct demonstration of such a role has yet to be exhibited with human cells.

Genome-wide association studies (GWAS) have identified two single-nucleotide polymorphisms (SNPs), rs204989 and rs204991, 5′ to the *GPSM3* transcriptional start site that are significantly less prevalent in individuals with rheumatoid arthritis (and other autoimmune diseases; *e.g.*, lupus and multiple sclerosis), implying a potential protective effect of these minor gene variations^[@R18]--[@R20]^. Notably, rs204989 and rs204991 both exist within the chromosome 6p21.3 band, a region previously attributed to a large portion of the heritable aspect of RA; specifically, *HLA* gene region polyallelic haploblocks within the chromosome 6p21.3 region represent some of the greatest risk factors for RA^[@R21]^ (reviewed in ref. ^[@R22]^). In particular, the biallelic *HLA* gene locus polymorphism, rs6457620 \[C\>G\], has been identified as an RA risk factor in a meta-analysis of GWAS studies investigating multiple populations in the Wellcome Trust Case Control Consortium (WTCCC), North American Rheumatoid Arthritis Consortium (NARAC), and the Swedish Epidemiological Investigation of Rheumatoid Arthritis (EIRA)^[@R23],[@R24]^. Thus, the potential exists for linkage disequilibrium between *GPSM3* and *HLA* gene region polymorphisms. In this study, we addressed whether *GPSM3* SNPs result in a detectable phenotype that explains their inverse association with rheumatoid arthritis. Furthermore, we assessed whether linkage disequilibrium with the known RA risk allele in the *HLA gene* region, rs6457620^[@R23],[@R24]^, may affect the inverse association of *GPSM3* SNP alleles with RA. Additionally, another RA risk allele, *CCL21* rs2812378 \[T\>C\], located on an unlinked chromosome, was analyzed as both a negative control for linkage and a positive control for RA disease risk^[@R24]^. We recruited a group of 50 volunteers with a diagnosis of RA, 50 RA-free volunteers who were matched to the aforementioned group by a 'Bring-a-friend-to-clinic' program, and 100 unmatched healthy young volunteers to donate biospecimens for analyses. Based on the location of the polymorphisms and previous reports of protection from inflammatory phenotypes in human GWAS^[@R18]--[@R20]^ and *Gpsm3*-deficient mouse studies^[@R16]^, we hypothesized that individuals homozygous for the minor alleles of rs204989 and rs204991 would exhibit decreased whole-blood *GPSM3* transcript abundance. Additionally, we predicted that knockdown of *GPSM3* would result in disruption of chemokine-induced migration in a human monocytic cell line.

Results {#S2}
=======

*GPSM3* SNPs rs204989 and rs204991, each previously associated by GWAS with protection from rheumatoid arthritis, form a haploblock with rs204990 {#S3}
-------------------------------------------------------------------------------------------------------------------------------------------------

The cohorts recruited for this study included an initial set of 100 unmatched healthy young volunteers, a group of 50 volunteers with a positive diagnosis of RA, and 50 RA-free volunteers matched to the aforementioned group by a 'Bring-a-friend-to-clinic' program. Upon genotyping all 200 volunteers recruited for this study, we found that *GPSM3* SNPs rs204989 and rs204991, originally identified to be independently^[@R18]--[@R20]^ associated with protection from RA, are in complete linkage disequilibrium within this population. Additionally, sequencing a 3.5-kb region 5′ to the *GPSM3* transcriptional start site in eight volunteers revealed a total of four polymorphisms in this region: rs204989, rs204990, rs204991, and rs3096688 ([Fig. 1A](#F1){ref-type="fig"}). All of these chromosome 6 SNPs have been previously identified in the NCBI Database of Single Nucleotide Polymorphisms (dbSNPs) ^[@R25]^. In this study, three of these *GPSM3* SNPs (rs204989, rs204990, rs204991) were seen to be inherited as a haploblock in complete linkage disequilibrium; therefore, we defined all individuals homozygous for the minor (lower frequency) alleles of all three SNPs as having the "m/m" genotype and all individuals homozygous for the major (higher frequency) allele for all three SNPs as having the "M/M" genotype ([Fig. 1A](#F1){ref-type="fig"}).

The *GPSM3* rs204989/rs204991 haploblock is associated with decreased *GPSM3* mRNA expression in whole blood {#S4}
------------------------------------------------------------------------------------------------------------

In disease-free homozygotes for the minor alleles of *GPSM3* SNPs, whole blood-derived RNA contained only 75.9% (m/m; n = 11; 95% C.I. of ± 7.6%) of the average *GPSM3* transcript level present in homozygotes for the major alleles (M/M; n = 53; 95% C.I. of ± 5.6%). This was a decrease of 24.1% (95% C.I. of 7.1% - 41.7%; t = 3.803; df = 62; p = 0.0003) for individuals with the m/m genotype (n = 11) relative to individuals with the M/M genotype ([Fig. 1B](#F1){ref-type="fig"}; n = 53). Heterozygous individuals (M/m genotype) exhibited an average of 82.0% of the *GPSM3* transcript abundance of the M/M genotype, but had a marked amount of variability (*data not shown*; n = 6; 95% C.I. of ± 31.1%). In our analyses of *GPSM3* mRNA abundance, we excluded RA patient samples to avoid potential confounding effects caused by anti-RA pharmacotherapy, as shown previously by RNA-seq^[@R26],[@R27]^. According to the 1000 Genomes Project^[@R28]^, the minor allele frequencies (MAFs) in the general population of rs204989 and rs204991 are 23.3% and 23.4%, respectively. In our volunteer populations, the chromosome 6 rs204989 and rs204991 SNPs occurred in a haploblock with a minor allele frequency (MAF) of 29% within the unmatched healthy young cohort (n=100), 23% within the rheumatoid arthritis cohort (n = 50), and 18% within the matched control (disease-free) cohort (n = 50). The MAF of the chromosome 9 *CCL21* gene locus polymorphism rs2812378 \[T\>C\] is 30.1% according to the 1000 Genomes Project^[@R28]^. In our recruited populations, the *CCL21* gene polymorphism MAF was 31.5% within the unmatched healthy young population (n = 100), 30.0% within the rheumatoid arthritis cohort (n = 50), and 25.0% within the matched control cohort (n = 50). The MAF of the chromosome 6 *HLA* gene region polymorphism rs6457620 was 56.0% within the unmatched healthy young cohort (n = 100), 35.0% within the rheumatoid arthritis cohort (n = 50), and 45.0% within the matched control population (n = 50). None of the differences in *GPSM3* (p = 0.4839), *CCL21* (p = 0.5267), and *HLA* gene region (p = 0.1938) polymorphism MAFs between the RA and matched, disease-free cohorts was statistically significant ([Fig. 1C](#F1){ref-type="fig"}).

The *GPSM3* SNP haploblock is in weak linkage disequilibrium with *HLA* SNP rs6457620, but the latter is unlinked to *GPSM3* transcript abundance {#S5}
-------------------------------------------------------------------------------------------------------------------------------------------------

Both the gene for *GPSM3* and the *HLA* gene region SNP rs6457620 reside on chromosome 6, presenting the possibility of linkage disequilibrium; however, over 0.5 megabases of DNA sequence separate rs6457620 from the *GPSM3* rs204989/rs204991 SNP haploblock^[@R25]^. In individuals homozygous for the *GPSM3* SNPs (M/M), the *HLA* gene region SNP MAF was 41.3% ([Figure 2](#F2){ref-type="fig"}). In heterozygotes for the *GPSM3* SNPs (M/m), the *HLA* gene region SNP MAF was 56.3%, while homozygotes for the minor alleles of *GPSM3* SNPs (m/m) exhibited a 60.7% *HLA* gene region SNP MAF. This distribution was significantly different from chance distribution of unlinked loci ([Fig. 2A](#F2){ref-type="fig"}; p = 0.0066), suggesting the presence of weak linkage disequilibrium and consistent with data from the NCBI dbSNP ^[@R25]^ ([Fig. 2D](#F2){ref-type="fig"}). Within the RA cohort, there was significant variation from chance distribution of *GPSM3* SNPs MAF when stratified by *HLA* gene region SNP genotype ([Fig. 2B](#F2){ref-type="fig"}; p = 0.0123), which was not observed within the matched control group ([Fig. 2C](#F2){ref-type="fig"}; p = 0.2739). However, when stratified by *HLA* SNP rs6457620 genotype, *GPSM3* transcript abundance in whole blood was not significantly different ([Fig. 2E](#F2){ref-type="fig"}; F = 1.219; p = 0.3050); this result is in contrast to the significant difference in *GPSM3* transcript abundance observed when stratified by *GPSM3* SNP haploblock genotype ([Fig. 1B](#F1){ref-type="fig"}).

rs204989 of the *GPSM3* SNP haploblock is solely linked to decreased *GPSM3* transcript abundance {#S6}
-------------------------------------------------------------------------------------------------

A 3.5-kb region 5′ to the human *GPSM3* transcription start site, spanning the region of the *GPSM3* SNP haploblock under study ([Figure 1A](#F1){ref-type="fig"}), was subcloned into a promoterless luciferase-reporter vector. Transfecting this construct into HEK293T cells, we found the normalized firefly luciferase activity induced by the "minor/polymorphic" *GPSM3* promoter (pGL3-m; containing the minor rs204989/rs204990/rs204991 haploblock as well as the minor allele of SNP rs3096688) was 26.5% less than that of the wild type promoter (pGL3-M; containing the major allele of all four SNPs) (p \< 0.0001; [Fig. 3A](#F3){ref-type="fig"}). To assess the relative effect(s) of each of the four minor SNP variants within this *GPSM3* promoter region, each individual polymorphism was separately introduced to the wild type promoter by site-directed mutagenesis (*i.e.*, rs204989 \[C\>T\], rs204990 \[G\>T\], rs204991 \[A\>G\], and rs3096688 \[A\>G\]). Introduction of the minor allele of rs204990 (p = 0.1435), rs204991 (p = 0.2136), or rs3096688 (p = 0.6618) did not significantly alter the normalized firefly luciferase activity of the wild type promoter ([Fig. 3A](#F3){ref-type="fig"}). In contrast, introduction of the minor allele of rs204989 \[C\>T\] into the wild type promoter significantly decreased promoter-induced luminescence (p \< 0.0001; [Fig. 3A](#F3){ref-type="fig"}); conversely, introduction of the major allele of rs204989 \[T\>C\] into the polymorphic promoter ("pGL3-m-989") was found to restore wild type promoter-induced luminescence (p = 0.9384; [Fig. 3B](#F3){ref-type="fig"}). Using the JASPAR transcription factor binding profile database^[@R29]^, two potential transcription factor binding sites were found to overlap with the site of the rs204989 SNP: namely, AP1 and C/EBPβ consensus binding sites ([Fig. 4](#F4){ref-type="fig"}).

Decreased GPSM3 abundance leads to a deficit in migration towards monocyte chemoattractant protein-1 (MCP-1) by the human monocytic THP-1 cell line {#S7}
---------------------------------------------------------------------------------------------------------------------------------------------------

The human monocytic THP-1 cell line has previously been shown to endogenously express GPSM3 ^[@R16]^; we confirmed the presence of the *GPSM3* ancestral ("major") alleles of rs204989 and rs204991 within this cell line (*data not shown*). We established stable *GPSM3* knockdown (and scrambled control) THP-1 cell lines ([Fig. 5A](#F5){ref-type="fig"}), using previously validated shRNA-expressing lentiviral vectors directed against *GPSM3* (*i.e.*, shRNA19 and shRNA20; ref. ^[@R47]^). Using these stable THP-1 cell lines in real-time Transwell plate migration assays, we measured vehicle-normalized relative fluorescence units (RFU) over a 30-minute timeframe to quantify MCP-1/CCL2-induced cell transmigration. After normalizing to vehicle-induced nonspecific migration, the *GPSM3* knockdown cell lines shRNA19 and shRNA20 exhibited disrupted migration to the chemokine MCP-1 (*a.k.a.* CCL2) relative to scrambled shRNA control lines ([Fig. 5B](#F5){ref-type="fig"}); these migration differences were independent of any changes in transcript abundance of the MCP-1 receptor (*i.e.*, *CCR2*) between cell lines assayed ([Fig. 5C](#F5){ref-type="fig"}; F = 2.40; p = 0.119). This migratory deficit upon GPSM3 knockdown was observed both by a decrease in initial rate of migration ([Fig. 5D](#F5){ref-type="fig"}) and by a decrease in maximum transmigration-induced fluorescence achieved ([Fig. 5E](#F5){ref-type="fig"}).

Discussion {#S8}
==========

Genome-wide association studies (GWAS) have empowered researchers to investigate complex non-Mendelian genetic disorders, including RA; however, these studies can be hampered by the identification of large numbers of noncoding variants with unknown effects, reproducibility across multiple populations being uncertain, and linkage with other risk alleles obscuring results^[@R30]^. In multiple GWAS reports, noncoding variants 5′ to the transcription start site of *GPSM3* ([Fig. 1A](#F1){ref-type="fig"}) have been identified as occurring *less* frequently in individuals with RA^[@R18]--[@R20]^. However, like many identified variants, no functional consequence has been elucidated to explain this association. In the current study, we addressed (1) genotype-dependent phenotypes of the identified chromosome 6 *GPSM3* SNPs, (2) potential linkage with rs6457620, a biallelic RA risk allele with a large effect size in the *HLA* gene region on chromosome 6 (refs. ^[@R23],[@R24]^), and (3) a functional effect of altered GPSM3 expression levels in a human monocytic cell line.

We recruited 50 volunteers with confirmed RA diagnoses, 50 RA-free volunteers matched to the arthritis group, and 100 younger healthy individuals to analyze genotype-dependent functional consequences of *GPSM3* SNP alleles. Our finding that homozygotes for the *GPSM3* SNPs (m/m) have lower *GPSM3* transcript abundance in whole blood relative to homozygotes for the ancestral allele (M/M) ([Fig. 1B](#F1){ref-type="fig"}) supports the hypothesis first put forth from GWAS^[@R18]--[@R20]^ that there is a potential functional consequence of the identified *GPSM3* SNPs rs204989 and rs204991, namely protection from development of rheumatoid arthritis; we have previously demonstrated^[@R16]^ that lowered *Gpsm3* expression in mice, as generated by gene knockout technology, results in protection from collagen-autoantibody induced inflammatory arthritis.

While our present finding of lowered *GPSM3* mRNA levels in the whole blood of homozygotes bearing the *GPSM3* SNP haploblock is consistent with GWAS and mouse gene knockout studies, the observed frequencies of the rs204989/rs204991 haploblock within the various genotyped groups are seemingly discrepant, given the trend toward [decreased]{.ul} *GPSM3* minor allele frequency, albeit not significantly different, in the disease-free matched control (MAF = 18.0%; n = 50) compared to the RA cohort (MAF = 23.0%; n = 50). Considering the small sample size, the observed variability is not remarkable in light of the reported minor allele frequency in the general population being 23.3%. Small sample size likely also affected our ability to assign statistical significance to the trend of increased frequency of the positive RA risk allele ([Fig. 1C](#F1){ref-type="fig"}), *CCL21* gene rs2812378 \[T\>C\] on chromosome 9 (*i.e.*, unlinked to the human *GPSM3* locus on chromosome 6; ref. ^[@R24]^).

To address whether the *GPSM3* SNP haploblock on chromosome 6 was serving as a surrogate marker for a linked and causal (yet unrelated) chromosome 6 variation affecting *GPSM3* mRNA abundance and/or RA disease status, additional genotyping was performed on another chromosome 6 biallelic allele, specifically near the well-established risk region in the *HLA* gene region (reviewed by Holoshitz^[@R22]^ and Yuta, et al.^[@R33]^). This RA risk allele, rs6457620 \[C\>G\]^[@R23],[@R24]^ is reported by RegulomeDB^[@R34]^ (based on Hapmap2 metadata) to exist in complete linkage disequilibrium (D′ = 1.0; r^2^ = 1.0) with another *HLA* region RA risk allele rs6457617 \[C\>T\]^[@R31],[@R32]^ in a population of Americans with European ancestry (CEPH collection)^[@R35]^ that is very similar to the demographics of our West Virginia-based sample population. Both polymorphisms (rs6457617 & rs6457620) exist ∼500 kb from the *GPSM3* SNP haploblock (*e.g.*, [Fig. 2D](#F2){ref-type="fig"}). When stratifying the *HLA* region-associated SNP genotype by *GPSM3* SNP genotype, a preferential coexistence is seen between the *GPSM3* SNP haploblock minor allele and the minor allele (G) of rs6457620 ([Fig. 2](#F2){ref-type="fig"}). Upon further stratification by disease state, we discovered the *GPSM3* SNP alleles were more strongly associated with the minor allele of rs6457620 (G) in our RA cohort when compared to the matched control cohort ([Fig. 2B vs. C](#F2){ref-type="fig"}). These findings suggest that the protective effect of the *GPSM3* SNP haploblock minor allele is most likely masked in our small-sized cohort by the large effect size of the HLA gene region RA risk allele at rs6457620 (RA odds ratio of 2.55^24^) or other RA risk-related *HLA* gene haploblocks in linkage disequilibrium^[@R21],[@R33]^. Previous GWAS studies have genotyped tens of thousands of ethnically-diverse volunteers to identify the two *GPSM3* SNPs rs204989 and rs204991 as inversely associated with RA ^[@R18]--[@R20]^. Therefore, we hypothesize that our inability to reproduce previous GWAS findings is most likely a consequence of the relatively small sample size we recruited for this *functional* study of *GPSM3* phenotypes and/or a founder effect among the local recruited volunteers^[@R36]^. Regardless, our finding of a genotype-dependent decrease in *GPSM3* mRNA abundance is supportive of the prior GWAS findings^[@R18]--[@R20]^, especially in light of the protection from inflammatory arthritis exhibited by *Gpsm3*-deficient mice^[@R16]^.

To probe the molecular mechanism whereby presence of the minor allele of the rs204989/rs204991 haploblock leads to decreased *GPSM3* transcript levels in whole blood, a 3.5-kb promoter region containing the haploblock region was tested for its promoter activity upon transfection into HEK293T cells (used given low transient transfection efficiency of the THP-1 cell line). There was a significant decrease in promoter activity in the reporter construct containing all four 5′ SNPs *versus* the ancestral sequence, in a direct parallel to decreased *GPSM3* transcript abundance seen in whole blood samples from individuals homozygous for the minor rs204989/rs204991 haploblock *versus* the ancestral ("major") haploblock. The presence of rs204989 \[C\>T\] was found to be the sole determinant responsible for the reduction in *GPSM3* promoter activity. We did observe slight variability in the decrease in *GPSM3* promoter-driven luciferase activity between experiments, most likely due to experimental variability, environmental factors (e.g., temperature differentially affecting firefly and *Renilla* luciferase activity), and elapsed time between experiments. Regardless, all constructs containing the minor allele of rs204989 \[C\>T\] were not significantly different from the construct with all 4 *GPSM3* SNP alleles. To our knowledge, this is the first reported functional connection between the *GPSM3* rs204989 polymorphism and *GPSM3* transcript abundance in human cells and human samples. The singular effect of the rs204989 cytosine-to-thymine transition on *GPSM3* promoter activity may reside in the disruption of the consensus DNA-binding motif of AP-1 and/or C/EBPβ; this hypothesis is now the topic of future work.

A potential functional consequence of this genotype-dependent decrease in *GPSM3* abundance is dysregulated G protein-coupled receptor signaling via G~i~α^[@R6]--[@R10]^ -- a common signaling system used by chemokine receptors. Considering the restricted expression of GPSM3 in leukocytes and lymphoid organs^[@R15],[@R16]^ and the importance of of G~i~α-coupled chemokine receptors in leukocyte migration during RA pathogenesis^[@R37]^, we hypothesized that a reduction in GPSM3 expression in human monocytic THP-1 cells would result in perturbed chemokine-dependent chemotaxis. Given the role of monocyte chemoattractant protein-1 (MCP-1/CCR2) signaling in the recruitment of monocytes and macrophages during inflammatory bouts in RA patients^[@R38],[@R39]^, we elected to examine MCP-1-induced chemotaxis. shRNA-induced knockdown of GPSM3 in THP-1 cells disrupted Transwell migration (both initial rate and maximal migration) toward MCP-1, but did not affect expression of its cognate receptor, C-C chemokine receptor 2 (*CCR2*) ([Fig. 5](#F5){ref-type="fig"}). Taken together, these data support a role for GPSM3 in supporting MCP-1-induced migration of human THP-1 cells. We note that the knockdown efficiency of the successful *GPSM3*-targeted shRNAs was significantly greater than the 24.1% decrease found in individuals homozygous for the minor alleles of the *GPSM3* SNP haploblock. Therefore, we hypothesize that the functional effect of the rs204989 *GPSM3* SNP *in vivo* is most likely more subtle, yet it likely plays a role in the pathogenesis of RA as a component of a complex genetic framework that is, to date, still being elucidated.

Based on our collective results, the *GPSM3* SNPs rs204989 and rs204991, identified as protective against RA in prior GWAS studies, likely exhibit this protective effect via linkage to rs204989 and its alteration of *GPSM3* transcription. An rs204989-mediated decrease in *GPSM3* transcript level likely decreases GPSM3 protein levels and thereby decreases chemokine-dependent leukocyte migration in inflammation. RNA-seq 'transcriptomic' datasets report the *GPSM3* mRNA as being expressed at an appreciable level in all human leukocyte subsets examined (GEO accession GDS62408)^[@R40]^, suggesting that decreased *GPSM3* mRNA transcript caused by SNP rs204989 may affect both the innate and adaptive immune responses that act sequentially in the pathogenesis of rheumatoid arthritis^[@R37]^. Future work will initially address whether the presence of rs204989 is functionally relevant in primary leukocytes isolated from patient samples or in CRISPR-mediated introduction of rs204989 in human leukocyte cell lines. Additionally, we will seek to establish whether one or both of the candidate transcription factors (*i.e.*, AP1 or C/EBPβ) are indeed involved in *GPSM3* promoter regulation and whether such activity is directly affected by the major or minor allele of SNP rs204989.

Materials and Methods {#S9}
=====================

Subjects {#S10}
--------

A WVU IRB-approved case-control study (IRB protocol \#1304033165) recruited a total of 200 consenting local volunteers for buccal swabs and blood samples. The volunteer population was subdivided into three groups of 100 young, healthy control volunteers from among the WVU Health Sciences Center student population, 50 rheumatoid arthritis patients (ICD-9 diagnosed and anti-RF-positive), and 50 demographically matched controls. Inclusion criteria for the 100 healthy control volunteers included (1) at least 18 years of age, (2) self-reported good health, and (3) no family history of autoimmune disease. Inclusion criteria for the 50 rheumatoid arthritis individuals included (1) at least 18 years of age, (2) positive ICD-9 diagnosis and (3) rheumatoid factor positive. Inclusion criteria for the 50 demographically matched controls included (1) at least 18 years of age, (2) not a blood relative of a volunteer enrolled in the study, and (3) no family history of autoimmune disease. For buccal swab samples, volunteers were instructed to vigorously swab the inside of both cheeks for 15 seconds on each side, and resultant samples were stored in a sterile nuclease-free container at -80°C. Blood samples were collected by a trained phlebotomist sequentially into a K~2~EDTA tube (Becton Dickinson) and a PAXgene Blood RNA tube (BD); as per manufacturer\'s suggested protocol, the PAXgene Blood RNA tube was incubated at room temperature for 120 minutes prior to archiving at -80 °C.

Isolation and Quantification of gDNA {#S11}
------------------------------------

Isolation of genomic DNA (gDNA) from buccal swab samples was performed with the QIAamp DNA Blood Mini Kit (Qiagen) on a QIAcube automated nucleic acid extraction/purification instrument (Qiagen; Germantown, MD). Briefly, buccal swabs were immersed in 400 μl of Buffer ATL (Qiagen) and treated with proteinase K by incubation at 56 °C for 10 minutes. Following incubation, buccal swabs were removed, placed into QIAamp spin columns, and centrifuged at 13,000 RPM for 1 minute on a tabletop microfuge. Buccal swabs were then discarded. Cell lysates were then loaded into separate QIAamp spin columns as per manufacturer\'s suggested protocols; purified gDNA was automatically collected using the custom QIAcube "buccal swab spin" protocol (Qiagen). Quantification of human gDNA was performed with the Investigator Quantiplex Kit (Qiagen) using the manufacturer\'s suggested protocols. Briefly, buccal swab eluate was diluted 1:1 with nuclease-free water. Quantitative PCR to measure eluate gDNA content was performed using the Investigator Quantiplex Kit on a RotorGene Q-400 thermocycler (Qiagen) with an initial denaturation phase at 95°C for 60 seconds, followed by 40 cycles of 95°C for 1 second and 60°C for 10 seconds. DNA quantity was recorded as a mean of technical replicates.

SNP Genotyping of Subjects {#S12}
--------------------------

SNP genotypes were determined using the Type-it Fast Probe PCR Kit (Qiagen), TaqMan SNP genotyping probes, and primers for rs204989 (*GPSM3*), rs204991 (*GPSM3*), rs2812378 (*CCL21*), and rs6457620 (*HLA* gene region) (Life Technologies; cat. \#C_3293828_20, C_2412452_20, C_16113556_10, and C_29315329_10, respectively) using the manufacturer\'s suggested protocols. Briefly, equal masses of human gDNA were added to each reaction and the manufacturer\'s recommended cycling parameters were used to detect both major and minor alleles in multiplex qPCR reactions performed in technical replicates on a RotorGene Q-400 thermocycler. Coded identifiers were used to blind investigators of the disease state of volunteers until all samples had been genotyped.

Isolation of Whole Blood RNA {#S13}
----------------------------

To maintain homogeneity of sample treatment, all RNA was extracted from archived whole blood collected into PAXgene Blood RNA tubes with the PAXgene Blood RNA kit (Qiagen) using a modification of the manufacturer\'s suggested protocol. Briefly, when possible genotypes (M/M and m/m) were prepared concurrently. Upon removal from cryostorage, PAXgene tubes were incubated on a rocker at room temperature for 15-18 hours, centrifuged at 5,000 × g for 10 minutes at 4°C, and the resulting cell pellet was resuspended in 4 ml of nuclease-free water. The solution was then centrifuged at 5,000 × g for 10 minutes at 4 °C, and the cell pellet was resuspended in 350 μl of the manufacturer\'s resuspension buffer (BR1). Isolation of whole blood RNA was performed using an automated QIAcube workflow according to the manufacturer\'s suggested protocol to minimize variability between preparations. Eluted nucleic acids were quantified by absorbance at 260 nm using a Nanodrop 2000 (Thermo Scientific) and assessed for purity using 260/280 nm ratio of ≥1.8. Immediately following isolation, a sample (250 ng) of eluted nucleic acids from each subject was used to synthesize complementary DNA (cDNA) with Thermo Verso Reverse Transcriptase Kit (Thermo Scientific). cDNA was then diluted 1:5 and used immediately for qRT-PCR analyses.

Quantitative Reverse Transcriptase PCR (qRT-PCR) {#S14}
------------------------------------------------

A sample of cDNA, derived from equal masses of RNA from each volunteer, was amplified in duplicate (*with an additional* independent "no reverse transcriptase-treated" control) using the USB VeriQuest Fast SYBR Green qPCR Master Mix (Affymetrix, Cleveland, OH) and custom-designed, intron-spanning PCR primers ([Supplemental Table S1 and Figure S1](#SD1){ref-type="supplementary-material"}). Cycling conditions were modified from the manufacturer\'s suggested protocol to establish linearity of transcript detection ([Supplemental Figure S2A,B](#SD1){ref-type="supplementary-material"}). Relative quantification of gene expression was performed using the ΔΔC~T~ method^[@R41]^, and the specificity of each amplicon was verified by gel electrophoresis and melt curve tests (*e.g*., [Supplemental Fig. S2C](#SD1){ref-type="supplementary-material"}).

Cell lines and culture conditions {#S15}
---------------------------------

The human embryonic kidney 293T cell line (HEK293T) was obtained from the American Type Tissue Collection (ATCC). Cell lines were maintained at 37 °C in a humidified atmosphere containing 5% CO~2~. The HEK293T cell line was maintained in DMEM supplemented with 10% fetal bovine serum, 100 IU penicillin, and 100 μg/ml streptomycin. Transient transfections of HEK293T cells were performed as previously described ^[@R42]^. Briefly, transfection of monolayers grown to 60-70% confluence was performed by incubating cells 15-18 hours with Ca~3~(PO~4~)~2~ and plasmid DNA solution. The cell monolayers were then washed twice with phosphate buffered saline (pH 7.4), then fresh medium was added. THP-1 cells, from the ATCC, were maintained in an ATCC-modification of RPMI medium supplemented with 10% heat-inactivated fetal bovine serum, 100 IU penicillin, 100 μg/ml streptomycin, and 2 μg/ml puromycin. GPSM3 expression was stably knocked-down in THP-1 cells via lentiviral transduction (under the WVU IBC protocol \# 15-04-08) of Mission shRNA in the pLKO.1 vector (clones: TRCN00000368[19]{.ul} and TRCN00000368[20]{.ul}). An additional two THP-1 monoclonal cell lines were established stably-expressing scrambled control (a gift from Dr. David Sabatini, ref. ^[@R43]^; Addgene plasmid \# 1864). Briefly, transduction was performed at a multiplicity of infection of 10 using the spinoculation protocol (described in ref. ^[@R44]^), transduced cells were selected with 2 μg/ml puromycin, and monoclonal populations were established by limiting dilution. All THP-1 monoclonal cell lines and HEK 293T cells were confirmed free of *Mycoplasma spp*. and *Acholeplasma spp*. contamination ([Supplemental Figure S3](#SD1){ref-type="supplementary-material"}) using Lookout® Mycoplasma PCR Detection kit following manufacturer\'s protocols (Sigma-Aldrich, St. Louis, MO).

Cloning and mutagenesis of plasmids {#S16}
-----------------------------------

DNA from plasmids pGL3-basic-luc2P (Promega, Madison, WI) and pcDNA3.1(+) were digested at the *Hin*dIII and *Xho*I sites using FastDigest enzymes and buffers (Thermo Scientific, Pittsburgh, PA), and restricted DNA ends were phosphatase treated with calf intestinal alkaline phosphatase (Promega, Madison, WI). Vectors were purified via extraction from a 1% agarose gel (QIAquick, Qiagen). Sequences of the *GPSM3* gene locus were retrieved from the NCBI reference sequence (NC_000006.12 c32195523-32190766). A 5010-bp region of the *GPSM3* promoter was amplified from gDNA ("*GPSM3* amplification primers"; [Supplemental Table S2](#SD1){ref-type="supplementary-material"}) from one individual with the major *GPSM3* alleles ("pGL3-M") and another individual with all minor polymorphic alleles ("pGL3-m"); nested primers ([Supplemental Table S2](#SD1){ref-type="supplementary-material"}) were used to amplify a 3512-bp span of this promoter region (NC_000006.12 32192523 - 32196035) and thereby introduce flanking *Hin*dIII and *Xho*I cut sites ("*GPSM3* cloning primers"). The resultant amplicons were digested with *Hin*dIII and *Xho*I, and ligated into both pGL3-luc2P and pcDNA3.1(+) vectors (Rapid DNA ligation kit; Roche, Basel, Switzerland). Mutagenesis was performed using the QuikChange Lightning Mutagenesis kit (Agilent Technologies, Santa Clara, CA) and manufacturer\'s suggested protocols with primers ([Supplemental Table S3](#SD1){ref-type="supplementary-material"}). Briefly, mutagenesis of *GPSM3* promoter inserts was performed within the pcDNA3.1(+) vector, sequenced by the Sanger method to confirm mutagenesis, and then subcloned into pGL3-luc2P vectors.

Promoter-driven luciferase assay {#S17}
--------------------------------

HEK293T cells were transiently transfected using the calcium phosphate method, as described previously^[@R42],[@R45]^, with 5 μg of pGL3 firefly luciferase-based reporter vector and 1 μg of pRL-TK *Renilla* luciferase-based reporter control vector (Promega, Madison, WI). Forty-eight hours following transfection, the cells were assayed for both firefly and *Renilla* luciferase activities using the manufacturer\'s suggested protocol for the Dual-Luciferase Reporter Assay System (Promega, Madison, WI). Briefly, cells were harvested, washed in PBS pH 7.4, and lysed using the manufacturer\'s "passive lysis" buffer. Using automatic injectors within a Flexstation-3 (Molecular Devices, Sunnyvale, CA), firefly luciferase substrate was added to the cellular lysate and luminescence was recorded in a white, clear-bottom 96-well plate for 10 seconds. Firefly luminescence was then quenched and *Renilla* luciferase substrate was added to the lysate and luminescence was recorded for 10 seconds. Data were normalized to luminescence induced by *Renilla* luciferase activity and reported as fold-change from pGL3-M transfected HEK 293T cells. All data are representative of biologic triplicates.

Transcription factor bioinformatics {#S18}
-----------------------------------

The 3.5 kb of sequence 5′ to the *GPSM3* transcription start site was acquired from the Genome Reference Consortium human genome 38 (GRCh38) and imported into JASPAR^[@R29]^. Predictions of consensus binding motifs for transcription factors were cut off at 20% dissimilarity.

Transwell migration assay {#S19}
-------------------------

THP-1 cells stably expressing either GPSM3-knockdown shRNA or scrambled shRNA control were serum-starved in HBSS + 1% BSA at 37°C for one hour and labeled with calcein-AM cell permeant fluorescent dye (494 nm/517 nm). Cells were washed and suspended in HBSS + 1% BSA + 10 mM HEPES, and 5 × 10^7^ cells/ml were loaded into the upper well of a Falcon™ HTS FluoroBlok 96-Multiwell Insert System chemotaxis chambers (Corning, NY). Cells were allowed to migrate toward vehicle or 100 ng/mL MCP-1/CCL2 (R&D Systems, Minneapolis, MN) in the lower chamber. Fluorescence was measured at 2 minute intervals over the course of 60 minutes at 37°C using a Flexstation 3 microplate reader (Molecular Devices, Sunnyvale, CA). All data are representative of biological triplicates with technical replicates (i.e., n = 6).

Statistical analyses {#S20}
--------------------

Descriptive data from the case-control cohort were analyzed using SAS University Edition 3.1 (SAS Institute Inc., Cary, NC). Differences in 2 × 2 discrete variables were determined using Fisher\'s exact test, while 2 × 3 discrete variables were compared using the Fisher-Freeman-Halton exact test^[@R46]^. Regression analyses in Transwell migration assays were performed using 4 parameter logistic nonlinear regression analyses over the period of migration with post-hoc comparison by one-way ANOVA of the unshared maximum and time to 50% migration parameters. All nonlinear models were confirmed to have r-squared values \>0.99, and accepted the null hypothesis of the Shapiro-Wilk normality test (p ≥ 0.05). All other analyses were performed in Prism 6.0 using a two-tailed independent t-test or one-way ANOVA with Bonnferroni or Dunnett\'s post-hoc tests where indicated.
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![*GPSM3* transcript abundance in whole blood from individuals homozygous for the minor allele of the rs204989/rs204991 haploblock (the "m/m" genotype) is significantly lower than in whole blood from individuals homozygous for the major allele of the haploblock (the "M/M" genotype). (**A**) Schematic representation of identified polymorphisms with respect to the predicted transcription start site of the human *GPSM3* gene. (**B**) Scatter plot representation of *GPSM3* mRNA abundance, measured in whole blood by qRT-PCR, as normalized to the average level measured in M/M individuals. Individual results for homozygous major allele samples (M/M; n = 53) are depicted by solid circles, and homozygous minor allele samples (m/m; n=11) are depicted by open circles. An average decrease (Δμ) in *GPSM3* transcript abundance of 24.1% (t = 3.80, df = 62, p = 0.0003) was observed in homozygous minor allele samples. Error bars represent S.E.M. (**C**) Descriptive statistics of the three cohorts of volunteers genotyped in this study: Minor allele frequencies were 23% for rs204989 and rs204991 in the rheumatoid arthritis samples versus 18% in the disease-free controls (Fisher\'s exact test; p = 0.4839). Risk/minor allele frequency for rs2812378 was 30.0% in the rheumatoid arthris samples versus 25.0% in the disease-free controls (p = 0.5267). Risk/minor allele frequency for the *HLA* gene region biallelic SNP rs6457620 was 35.0% in the rheumatoid arthritis samples and 45.0% in the disease-free matched controls (p = 0.1938).](nihms747354f1){#F1}

![Linkage of the *GPSM3* SNP haploblock and the known RA risk allele in the *HLA* gene region, rs6457620 \[C\>G\], is more pronounced in RA samples than controls, but this linkage does not result in a rs6457620 genotype-dependent effect on *GPSM3* transcript abundance in whole blood. (**A**) Descriptive statistics of all 200 volunteers, including the RA (n = 50), disease-free matched control (n = 50), and young healthy control volunteers recruited for the current study. These data are stratified by *GPSM3* SNP haplotype, showing that the rs6457620 \[G\] risk allele frequency amongst homozygous ancestral *GPSM3* haploblock individuals (M/M) is 41.3%, heterozygous individuals (M/m) is 56.3%, and homozygous minor *GPSM3* haploblock (m/m) is 60.7%. These data are significantly different from chance distribution (Fisher-Freeman-Halton exact test; p = 0.0066). (**B**) Analyses of *GPSM3* SNP haploblock linkage within RA samples stratified by rs6457620 genotype, again exhibiting statistically significant difference from chance distribution (Fisher-Freeman-Halton exact test; p = 0.0123). (**C**) Within the disease-free matched control samples, *GPSM3* SNP minor allele (m) frequency, as stratified by rs6457620 genotype, is not significantly different from chance distribution as determined by Fisher-Freeman-Halton exact test (p = 0.2739). (**D**) Graphical representation of minor allele frequencies (MAFs; of European \['eu'\] population), physical distance (in basepairs), and linkage disequilibrium (LD) value (as quantified by heatmap) between the three linked SNPs of the *GPSM3* SNP haploblock (rs204989, rs204990, rs204991) and the *HLA* gene region SNP rs6547620, as obtained using the NIEHS SNPinfo webserver (<http://snpinfo.niehs.nih.gov/>) from NCBI dbSNP data (ref. ^[@R25]^). (**E**) Despite modest linkage between *GPSM3* SNP minor alleles (m) and the rs6457620 risk allele (G), there is no effect of the genotype at *HLA* gene region SNP rs6457620 on *GPSM3* transcript abundance. Significance determined by one-way ANOVA with Bonferroni *post-hoc*.](nihms747354f2){#F2}

![Functional consequences of SNPs rs204989, rs204990, rs204991, and rs3096688 on *GPSM3* promoter activity. (**A**) Functional results upon subcloning a 3.5 kb-region immediately 5′ to the *GPSM3* transcription start site from M/M and m/m genotype volunteers, leading to wild type (pGL3-M) and "minor"/polymorphic (pGL3-m) promoter-driven expression of firefly luciferase in HEK293T cells. Luciferase activity is reported as a ratio of *GPSM3* promoter-dependent firefly luciferase activity (FLuc) to control *Renilla* luciferase activity (pRL-TK control vector) and normalized to the average level measured from the wild type pGL3-M vector (set to 1.00; dotted line). Introduction of independent minor alleles (denoted "+\#\#\#") into the wild type pGL3-M vector is seen to differentially affect resultant firefly luciferase activity. (**B**) Restoration of the major allele at rs204989 in the pGL3-m vector (*i.e.*, "pGL-m-989") restores wild type *GPSM3* promoter activity. All data are compiled from three independent experiments. Error measure is S.E.M. Significance was determined using one-way ANOVA after controlling for multiple comparisons with Dunnett\'s test using pGL3-M as the defined control.](nihms747354f3){#F3}

![Putative transcription factor binding sites within the human *GPSM3* promoter potentially disrupted by the minor allele of SNP rs204989 (arrows), as predicted by the JASPAR database: (**A**) Fos/Jun (AP1) heterodimer; (B) C/EBP-β.](nihms747354f4){#F4}

![Lentiviral-mediated shRNA knockdown of endogenous GPSM3 expression in the human monocytic THP-1 cell line disrupts migration toward MCP-1 (**A**) Western blot showing whole lysate (40 μg) immunoreactivity with mouse monoclonal anti-GPSM3 antibody 35.5.1 (ref. ^[@R47]^) and with anti-β-actin as a loading control. (**B**) Real-time Transwell migration analysis of indicated calcein-AM stained THP-1 cell lines as shown by change in the ratio of MCP-1-induced to vehicle-induced relative fluorescence units (RFU) over a 30 minute timeframe. (**C**) qRT-PCR data from indicated stable knockdown or scrambled control THP-1 cell line total RNA preparations. There was no significant difference in *CCR2* mRNA abundance in the THP-1 cell lines as determined by one-way ANOVA (F = 2.40; p = 0.119). (**D**) Regression analysis-derived rate of THP-1 cell line transmigration over initial migratory period; differences between each cell line was calculated by one-way ANOVA. (**E**) Regression analysis-derived maximum THP-1 cell transmigration over 30 minute timecourese; differences between each cell line were calculated by one-way ANOVA. All data are reported as means with error bars representing S.E.M.](nihms747354f5){#F5}
